Background: Early detection and classification of chronic pancreatitis (CP) are both important and challenging. Purpose: To investigate the diagnostic performance of MR elastography (MRE) and T 1 mapping of the pancreas for different stages of CP. Study Type: Retrospective. Subjects: Clinical and imaging records of 81 patients (from 5/2015 to 7/2017) with suspected CP were analyzed. Patients were categorized into the normal control (n 5 35), mild CP (n 5 30), and moderate/severe CP groups (n 5 16) according to the Cambridge Classification based on concordant endoscopic retrograde cholangiopancreatography or ultrasound endoscopy findings. Field Strength/Sequence: 3T pancreatic MRI, which included MRE and T 1 mapping. Assessment: T 1 relaxation times, pancreatic stiffness values, the main pancreatic duct (MPD) diameter, and pancreatic thickness were measured in all patients. Statistical Tests: Cutoff values of T 1 relaxation times and pancreatic stiffness values for diagnosis of CP were calculated using receiver operating characteristic analysis. Associations of imaging parameters with different stages of CP were assessed using logistic regression analysis. Results: Both T 1 relaxation times (865 6 220 msec vs. 1075 6 221 msec vs. 1350 6 139 msec) and pancreatic stiffness (1.21 6 0.13 kPa vs. 1.50 6 0.15 kPa vs. 1.90 6 0.16 kPa) differed significantly (P < 0.001) among the control, mild CP, and moderate/severe CP groups. Pancreatic stiffness (>1.34 kPa) achieved significantly higher area under the curve (AUC) than T 1 relaxation time (>908.4 msec) for detection of mild CP (AUC: 0.928 vs. 0.751, P 5 0.011). Pancreatic stiffness values (>1.61 kPa) also achieved significantly higher AUC than T 1 relaxation time (>1131.6 msec) (AUC: 0.981 vs. 0.910, P 5 0.033) for diagnosing moderate/severe CP from the other two groups. Multiple regression analysis showed that T 1 relaxation time and stiffness were the independent factors associated with mild CP (P 5 0.025 and <0.001, respectively). Data Conclusion: Both MRE and T 1 mapping are promising quantitative imaging methods for evaluation of CP; MRE slightly outperformed T 1 mapping.
However, the use of ERCP as a purely diagnostic tool has declined and is rarely used. The trend is likely due to the introduction of less invasive and more sensitive imaging tools that evaluate both parenchymal and ductal changes. [6] [7] [8] Although different etiologies lead to CP, pancreatic fibrosis is the common histologic finding. This fibrosis might be detected by magnetic resonance imaging (MRI) techniques, such as T 1 mapping and MR elastography (MRE).
9,10 T 1 mapping has been successfully used to assess the extent of myocardial fibrosis, and rapid acquisition in one breath-hold of T 1 mapping is currently available for abdominal evaluation. 11, 12 A prior study has reported that the T 1 relaxation time of the pancreas is greater in mild CP patients than in patients with a healthy pancreas. 9 MRE has been successfully used to stage hepatic fibrosis in patients with chronic hepatitis; even mild chronic hepatitis can be detected by MRE with high sensitivity. 10 Hence, the purpose of this study was to investigate the diagnostic performance of pancreatic stiffness, determined by MRE, and T 1 relaxation time of the pancreas, determined by T 1 mapping, for diagnosis of different stages of CP.
Materials and Methods

Population
This retrospective, Health Insurance Portability and Accountability Act-compliant study was approved by the Institutional Review Board of the local hospital. From May 2015 to July 2017, MRE was included in the routine pancreatic MR protocol for each participant with suspected pancreaticobiliary pathology. Informed consent was required to include MRE into any patient's pancreatic MR protocol. First, we identified 219 adult patients who underwent both MRE and T 1 mapping for pancreatic evaluation. We excluded those patients with an acute episode of pancreatitis (n 5 37), cystic or solid pancreatic tumors (n 5 68), without evidence of clinical follow-up available (n 5 14) , suboptimal image quality on T 1 maps (n 5 4), elastograms (n 5 5), or severe atrophy of the pancreatic parenchyma (n 5 10). Thus, 81 patients were further evaluated. Then, two gastroenterologists, with 10 years and 12 years of experience, respectively, reviewed these patients' history, ERCP, or endoscopic ultrasonography (EUS) results and other imaging findings. According to the Cambridge Classification, 16 patients were determined to have moderate/severe CP (mod/sev CP) based on ERCP/EUS or typical CT/MRI findings, which showed main pancreatic duct (MPD) dilation or irregularity with/ without parenchymal or ductal calculi, together with clinical symptoms. Patients with normal ductal findings on ERCP (n 5 4) or EUS (n 5 31), normal serum amylase and lipase levels, and without history of acute or chronic pancreatitis together with at least a 6-month clinical follow-up were considered as the control group (n 5 35). The clinical findings in the control group included choledocholithiasis (n 5 27), sphincter of Oddi dysfunction (n 5 7), and primary sclerosing cholangitis (n 5 1); none had any form of pancreatitis. The diagnosis of those in the mild CP group (n 5 30) was based on history of consistent symptomatology (abdominal pain suspected to be of pancreatic origin), concordant ductal findings on ERCP according to the Cambridge Classification 5 (n 5 21), or EUS findings based on the Rosemont Classification 13 (n 5 9). The Rosemont Classification does not directly classify patients as having "mild CP"; therefore, EUS findings were regarded as mild CP based on inhomogeneous echo texture or echogenic strands in the gland. We combined patients with equivocal or mild chronic pancreatitis into one group (mild CP group).
Imaging Technique
Patients fasted overnight for 6-8 hours prior to the MR examination. The patients first underwent clinical pancreatic MR sequences with T 1 mapping with a 3.0T Philips scanner (Philips Ingenia, Philips Healthcare, Best, the Netherlands) and then underwent MRE immediately with a 3.0T GE scanner next (Signa HDX system; GE Healthcare, Milwaukee, WI). A modified Look-Locker inversion recovery (MOLLI) 2D imaging sequence was applied for T 1 acquisition and quantification using a 5s(3s)3s sampling scheme for noncontrast-enhanced application. MOLLI sequence images were obtained using a 32-channel torso coil with the following settings: repetition time / echo time (TR/TE) 2.24/1.01 msec; 30 cm field of view (FOV); 152 3 150 acquisition matrix; 10 mm slice thickness; 12-second breath-hold duration; 208 flip angle, and 152 3 150 acquisition matrix. The MOLLI sequence was repeated 3-6 times to cover different subregions of the pancreas. MRE data were collected using a Signa Excite HD 3T GE scanner with an 8-element torso-phased array coil. Each patient was imaged using flow-compensated, multislice, spin-echo echo-planar-imaging (SE-EPI) pulse sequences. Axial slices were performed using 40-Hz mechanical vibrations. The mechanical vibrations were supplied by an active pneumatic driver system located outside the scanning room and were delivered to the upper abdomen centered on the xiphisternum via a plastic tube that terminated in a passive driver that transmitted the waves into the deep pancreas. The passive drivers were fastened to the upper abdomen using an elastic belt. In patients with body mass index (BMI) >27 kg/m 2 , a rigid round liver driver, diameter 19 cm, was utilized with 40-50% power amplitude 14 ; in other patients, a rectangular soft driver (19 3 14 cm) was utilized with 70-100% power amplitude, as previously described. 15, 16 All the drivers were developed by the Mayo Clinic (Rochester, MN). The acquisition included four 22-second and one 11-second breath-holds. The imaging parameters settings were 40 Hz frequency; 1375/38.8 msec TR/TE; 32-44 cm FOV; three phase offsets; parallel imaging acceleration factor of 3; 96 3 96 acquisition matrix; one signal average; 32 slices; and 3.5 mm slice thickness. The pancreatic thickness was measured from axial breath-hold 2-point Dixon (mdixon) T 1 -weighted images with TE at 1.32 and 2.3 msec, (3.6 msec TR and 3.5 mm slice thickness). The diameter of the MPD was measured from T 2 -weighted images, which were acquired using 622.84 msec TR, 70.00 msec TE, and 5 mm slice thickness.
Image Analysis
Wave images were processed on the scanner automatically using the automated direct inversion algorithm (Mayo Clinic) as previously reported in MRE studies of the pancreas, kidney, and liver. [15] [16] [17] [18] T 1 maps were calculated based on MOLLI images at a set of inversion recoveries (IR) with increasing TI's in each IR performed throughout one breath-hold. The T 1 maps for pancreas were read. Then, for better illustration, the T 1 maps encompassing the pancreatic parenchyma were segmented out and overlaid on the T 1 -weighted images. One region of interest (ROI) was drawn separately for each subregion (head/uncinate process, body, and tail). The ROIs were drawn to encompass the largest area of pancreatic parenchyma as possible while avoiding the pancreatic border, large vessels, duct, the surrounding tissues, and retroperitoneal fat. The elastograms matching the T 1 maps were selected, as close as possible, to draw similar ROIs including pancreatic parenchyma on matching sections. Two experienced abdominal radiologists, with 3 and 5 years of experience with MRE measurement, blinded to the ERCP/EUS data, measured pancreatic stiffness, T 1 relaxation time from the head, body, and tail of the pancreas, pancreatic thickness from Dixon sequence, and MPD diameter from T 2 -weighted images. The final measurements were calculated as the mean value of the two observers after establishing the interobserver agreement.
Statistical Analysis
The intraclass correlation coefficient (ICC) was calculated to assess interobserver agreement for stiffness and T 1 relaxation time measurements. Continuous variables were summarized as means 6 standard deviation (SD), or median with 25 th and 75 th percentiles of the interquartile range, as appropriate. Categorical variables were expressed as counts and percentages. The clinical characteristics of the subjects in different groups were compared using the KruskalWallis test. The stiffness and T 1 relaxation time among different subregions in each group were compared using the Friedman test. The Mann-Whitney U-test was used for comparisons between two groups. Categorical variables (eg, gender) were compared using a chi-squared test. Receiver operating characteristic (ROC) curve analysis was performed to determine the diagnostic accuracy of both stiffness and T 1 relaxation time for diagnosing mild CP from healthy pancreas, the presence of any CP from healthy pancreas, and mod/sev CP from normal/mild CP. The sensitivity, specificity, and accuracy with 95% confidence intervals (CI) were calculated using a cutoff value determined by maximizing sensitivity and specificity. Between-group comparisons of sensitivity, specificity, and accuracy were based on the McNemar test. AUC comparisons were performed according to the method proposed by DeLong et al. 19 Univariate and multivariate logistic regression analyses were used to analyze the association of imaging factors, including T 1 relaxation time, stiffness, pancreatic thickness, MPD size, and demographic characteristics to the presence of mild CP and the presence of any CP (both mild and mod/sev CP vs. normal pancreas). The sensitivity by MRE reached 100% for diagnosing mod/ sev CP, making the results of the logistic regression analyses invalid; therefore, we avoid using logistic regression analyses for diagnosing mod/sev CP. ROC analyses were performed using MedCalc software (Mariakerke, Belgium). All other statistical analyses were performed using commercially available SPSS Statistics v. 20.0 (IBM, Armonk, NY) software. P < 0.05 was indicative of a statistically significant difference. MPD diameter <3 mm was considered normal, that is, nondilated. Fecal elastase-1 (FE-1) 200 lg/g was considered normal. 20 
Results
The patients' demographic and clinical characteristics are shown in Table 1 . These three groups had similar gender distribution (P 5 0.720), BMI (P 5 0.162), age (P 5 0.453), serum amylase (P 5 0.115), and lipase levels (P 5 0.171).
The mean MPD diameter in the control group was narrower (2.47 6 0.56 mm) than in the mild CP group (2.94 6 0.51 mm) (P 5 0.002) and mod/sev CP group (5.17 6 2.30 mm) (P < 0.001). Pancreatic thickness was slightly greater in the control group (19.2 6 4.2 mm) than in the mild CP group (18.2 6 3.5 mm) (P 5 0.305) and mod/sev CP group (16.2 6 4.3 mm) (P 5 0.015). FE-1 in the mod/sev CP group was significantly lower (121 6 100 lg/g) than in the control group (312 6 156 lg/g) (P < 0.001) and mild CP group (285 6 164 lg/g) (P 5 0.001). FE-1 did not differ between the mild CP and control groups (P 5 0.418). Fig. 7B ,C).
Multiple Regression Analysis for Diagnosis of Chronic Pancreatitis
In the univariate analysis of the diagnoses of mild CP versus normal pancreas, the MPD diameter was significantly associated with mild CP (P 5 0.025), but did not reach statistically significance in the multivariate analysis (P 5 0.136). In 
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multivariate regression analysis, T 1 relaxation time and stiffness were independently associated with the diagnosis of mild CP (P 5 0.025 and <0.001, respectively), as shown in Table 4 .
In the univariate analysis of the diagnosis of any CP (mild or mod/sev) versus normal pancreas, MPD, thickness, and FE-1 were significantly associated with any CP (P < 0.001, 0.011, and 0.045, respectively), but did not reach statistical significance in the multivariate analysis (P 5 0.067, 0.823, and 0.284, respectively). In multivariate regression analysis, T 1 relaxation time and stiffness were the variables independently associated with the presence of any CP (P 5 0.024 and <0.001, respectively), as shown in Table 5 .
Discussion
We investigated the value of both MRE and T 1 mapping for diagnosing CP. In this study, both MRE and T 1 mapping achieved good diagnostic performance for diagnosing different stages of CP; MRE slightly outperformed T 1 mapping. In multivariate analysis, both pancreatic stiffness and T 1 relaxation time were independent predictors for the diagnosis of mild and of any CP.
CP leads to irreversible parenchymal and ductal changes in the pancreas. In a recent systemic review, 21 EUS and ERCP outperformed all other imaging modalities for diagnosing CP. However, EUS and ERCP are invasive techniques; furthermore, diagnostic ERCP has been largely replaced by EUS 22, 23 and noninvasive imaging modalities.
Both clinicians and radiologists have accepted noninvasive imaging to evaluate pancreatic parenchyma and pancreatic ducts. 6, 7, 24, 25 In patients with moderate or severe CP, irregularities and dilatations of the MPD and side branches on CT/MRI and typical clinical symptoms are expected; hence, moderate or severe CP is usually easily diagnosed. In our study, both MRE and T 1 mapping also achieved very high diagnostic performance (both AUC >0.9 and sensitivity >90%) for distinguishing moderate/severe CP from normal/ mild CP. However, in patients with mild CP, findings using Data are expressed as mean (standard deviation). P* was calculated by using the Friedman test, denoting differences of the characteristics among different subregions in each group. P # was calculated by using the Kruskal-Wallis test, denoting differences of characteristics among different groups.
conventional imaging may be subtle or even absent. 4 Consequently, those imaging techniques are insensitive for the diagnosis of mild CP. Previous studies showed that ultrasound elastography can provide relevant information about tissue stiffness and thus may aid the diagnosis of CP. [26] [27] [28] [29] Quantitative EUS elastography (EUS-EG) evaluation, including strain ratio and histogram analysis, has been reported to achieve relatively high AUC values for the presence of CP (0.86 and 0.91), [30] [31] [32] [33] which are lower than that achieved by MRE in our study (0.953), but higher than those achieved by T 1 mapping (0.822). EUS-EG only measures theoretically relative elasticity in ROIs, rather than absolute values of stiffness. Moreover, EUS-EG is a subjective and invasive method, EUS-EG images are markedly affected by the size of ROI and the level applied to the pancreas, and the ROI setting of the strain ratio cannot include the entire pancreatic parenchyma. On the other hand, MRE is objective, Journal of Magnetic Resonance Imaging noninvasive, and produces the entire pancreatic stiffness map. Individual values of each separate subregion can be analyzed. Hence, MRE has the potential to detect heterogenous changes of CP in different regions. The newly emerged shear wave elastography (SW-EG), measuring Young's modulus, 28 was also recently used to diagnose CP. However, SW-EG uses US, the probe is more distant from the pancreas compared to EUS, which reduces the resolution of the pancreas image, particularly when large areas of gastrointestinal gas or liquid component (eg, large vessels, stomach) are present, because the shear waves are easily refracted and reflected. In this study, MRE propagated good waves across the entire upper abdomen; the technical failure of wave data was only reported in 5 of 219 cases. We found that the MRE-based stiffness was very sensitive to detect mild CP, showing higher sensitivity (83.3% vs. 77.1%) and specificity (85.7 vs. 64.9%) than that reported by SW-EG (normal and indeterminate CP vs. consistent with CP and suggestive of CP). 28 Mild CP directly alters the mechanical properties of pancreatic tissue. The histological changes of CP, histological fibrosis, inflammation, and changes of the cellular density lead to increased stiffness detected by MRE, prior to the signal changes detectable by conventional MRI. The mean numerical stiffness values (shear modulus) of normal pancreas and mild CP were 1.21 kPa and 1.50 kPa, respectively, whereas the Young's moduli in EUS studies were 3.5 kPa and 5-7 kPa, respectively. Based on elasticity theories, the Young's modulus of soft biological tissues is nearly three times as great as shear modulus, 17 which might partially explain these differences. T 1 mapping quantitatively measures the T 1 relaxation time of the target organ. Similar to stiffness, T 1 relaxation time is also a tissue-specific property and independent of imaging parameters. Both stiffness and T 1 relaxation times should be interchangeable across MRI machines, vendors, and magnet strength. T 1 mapping has been successfully used in a number of cardiac diseases including myocardial fibrosis and myocardial deposition diseases. Tirkes et al 9 first compared T 1 relaxation times between a control (mean-5 797 msec) and mild CP group (mean 5 1099 msec), which were similar to our results (mean 5 865 msec and 1075 msec, respectively). A T 1 relaxation time (>900 msec) was 80% sensitive and 69% specific for the diagnosis of mild CP in the Tirkes et al study, which was also consistent with our results. Our study further proved that the performance of MRE was slightly better than T 1 mapping for diagnosis of mild CP. MRE was more specific than T 1 mapping (85.7% vs. 68.6%), with similar sensitivity (83.3% vs. 80.0%). In the Tirkes et al study, 34 combining extracellular volume fraction with T 1 mapping yielded a high AUC, 0.94, for diagnosing the presence of CP, which is very similar to our results using MRE (0.953). Compared with secretin-enhanced MRCP, which adds several minutes of imaging time and significant cost, both MRE and T 1 mapping acquisition are simple, fast, and free of intravenous injection of secretin and should be added to clinical imaging protocols. In those centers where MRE hardware is not available, T 1 mapping can provide an alternative choice with reasonable diagnostic accuracy. Our study has several limitations. First, this was a retrospective study with relatively small subject numbers. Second, the diagnosis of CP was not confirmed histologically. The criteria for CP used in this study, particularly EUS criteria, are known to be subjective and not very sensitive for the detection of early CP. Third, MRE has lower resolution than standard MRI pulse sequences. MRE and T 1 mapping might not be suitable for detection of severe CP that is more likely to have severe pancreatic atrophy. To control this potential bias, such patients were excluded from this study. We believe that the practical importance of this limitation is mitigated because the diagnosis of severe CP is usually easy and is not likely to require stiffness/T 1 measurements. Fourth, we did not evaluate other MR sequences, such as DWI, which might also be useful for CP diagnosis.
In conclusion, both MRE and T 1 mapping are fast, cost-effective, and promising MR methods for diagnosing CP; MRE slightly outperformed T 1 mapping. Although these methods cannot substitute for EUS or ERCP to detect ductal changes, they offer quantitative measurements of early parenchymal changes. Therefore, these techniques can provide very valuable supplementary information and screening for suspected CP. In practice, patients referred with typical abdominal pain who are being evaluated for CP may undergo MRCP/EUS combined with T 1 mapping/ MRE to assess for both morphological and mechanical changes, thereby optimizing the detection of minimal changes in CP. The values in bold denote statistical significance. BMI 5 body-mass index, MPD 5 main pancreatic duct, FE-1 5 fecal elastase-1.
